Changes in body temperature were recorded in freely moving rats given phosphate-buffered saline or leukocytic pyrogen (interleukin-l) while the animals were in an infant incubator maintained at 25.5 ± OSC. The leukocytic pyrogen increased body temperature by at least 1 DC within 1 h. This rise in temperature was pre vented by premedication with indomethacin (10 mg/kg) but not dexamethasone (0.5 mg/kg) given 15 min before the leukocytic pyrogen. Local rates of glucose utilization were measured in 47 regions of the central nervous system. In none of the regions previously reported to McCulloch et al. (1982b) have reported that rats exposed to ambient temperatures that resulted in either hypothermia or hyperthermia showed re gionally selective decreases or increases in local ce rebral glucose utilization. The range in rectal tem peratures examined in that study was 31.8-40.2°C.
have an increased rate of glucose utilization associated with an ambient temperature of 32.5DC (McCulloch et al., 1982b) was an increase found in the present experiments. It was concluded that the intensity of the changes in local cerebral glucose utilization in response to the fever caused by the leukocytic pyrogen was insufficient to be measured. Neither indomethacin nor dexamethasone caused remarkable changes in rates of local glucose utili zation. Key Words: Dexamethasone-Indomethacin Leukocytic pyrogen-Local cerebral glucose utilization. cause a number of physiological changes, one of which is fever (reviews include Dinarello, 1984a,b; Gery and Lepe-Zuniga, 1984; Kampschmidt, 1984) .
Fever in mammals is thought to result from the for mation and release of prostaglandins in the preoptic-anterior hypothalamic area of the brain (Milton, 1982) . They are formed when phospholi pase A2 is activated to cause the release of arachi donic acid, which is in turn acted upon by cydoox ygenase to form the prostaglandins. These enzymes are inhibited by steroids like dexamethasone and nonsteroidal compounds such as indomethacin.
Activation of these neurons in the preoptic-ante rior hypothalamic region initiates changes in the dorsomedial and dorsolateral hypothalamus and then in the reticular formation of the pons and me dulla to effect a decrease in loss of heat and to in crease the production of heat to cause fever. To ex amine the possible central nervous mechanisms of the induction of fever and its local cerebral conse quences, local cerebral glucose metabolism was measured in rats given leukocytic pyrogen as well as in rats pretreated with dexamethasone or indo methacin.
MATERIALS AND METHODS

Animals
The experiments were performed on 30 normal male Sp � ag .u e-Dawley rats from the Charles River colony welghmg 175-340 g. They were maintained on a normal 12-h light-dark cycle and allowed free access to food and water until the day of the experiment; then they were anesthetized lightly with halothane-nitrous oxide and polyethylene catheters were inserted into one femoral ar tery and vein. The catheters were threaded subcutane ously to exit in the mid scapular region. The venous cath eter permitted the administration of drugs, leukocytic py rogen, and 2-[14C]deoxyglucose. The arterial catheter was used to assess the blood pressure, blood gases, and hematocrit and to obtain timed samples of blood required by the quantitative 2-[14C]deoxyglucose method. Body temperature was monitored by means of a Mini-Mitter (Mini-Mitter Co., Indianapolis, IN, U.S.A.) placed in a bag of loose nylon mesh that was sewn to the lower ab dominal musculature within the peritoneal cavity. Te m perature was assessed by the frequency of beats trans mitted by the Mini-Mitter to an AM radio. The animals were allowed to recover for at least 2 h from the effects of surgery and anesthesia before the measurement of local cerebral glucose utilization was begun. For the first 90 min of this 2-h interval, the rat was placed in an Isolette Infant Incubator (model C-86; Air-Shields, Hatboro, PA, U.S.A.) maintained at 25.5 ± O.soC. The rat was then placed in a clear plastic cage (29 x 17 x 13 cm) that contained three unoperated rats to facilitate maintenance of body temperature. This cage was also in the incubator.
Preparation of leukocytic pyrogen
To induce fever, leukocytic pyrogen derived in vitro from adherent blood monocytes was used. The details for t�e preparation of the leukocytic pyrogen have been pub lished elsewhere (Dinarello et aI., 1977a (Dinarello et aI., ,b, 1982 . Briefly, monoc ,Y tes are obtained as a by-product of platelet p�eresls, � eparated on modified Ficoll-Hypaque gra dients, aspirated, washed, and stimulated with Staphylo coccus albus for 1 h. Then the adherent monocytes are washe� and incubated for 18-24 h. The leukocytic py rogen IS then concentrated 20-fold in autoclaved, stan dard dialysis tubing in front of high-speed fans. After di alysis with phosphate-buffered saline (pH 7.4), the leuko cytic pyrogen is passed over an immunoabsorbent (Dinarello et aI., 1977 a) and eluted with citric acid into 1 % lysine. This material is applied at 4°C to a column of Sephadex G-50 (fine: 165 x 5.0 cm) in 0.9% NaCI (pH 5.6-5.9) containing 0. 1% polyethylene glycol (4,000-6,000 daltons) (Eastman Chemical Co., Rochester, NY, U.S.A.) and 15,000-daiton leukocytic pyrogen is isolated. One unit of pyrogen was that amount of leukocytic py rogen that produced a fever of 0.6-0.9°C within 60 min after i . ntravenous injection into six rabbits. In the present expenments 1.5 U of rabbit pyrogen in phosphate-buff ered saline was given so as to produce a fever of at least 1.0°C in 1 h. At that time the 2-[14C]deoxyglucose was given.
Measurement of local cerebral glucose utilization
Local cerebral utilization was measured in experi mental rats � 1 h after the administration of the leuko cytic pyrogen and in control rats � 1 h after a comparable dose of phosphate-buffered saline. The measurement of J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 cerebral glucose utilization was made by means of the [14C]deoxyglucose method (Sokoloff et al., 1977) . Briefly, 2-[P4C]deoxyglucose (55 /-lCi/mmol; New England Nu � Iear, Boston, MA, U.S.A.) (125 /-lCi/kg) was given as an mtravenous pulse, and timed samples of arterial blood were obtained during the following 45 min. Plasma was obtained by centrifugation and assayed for content of [14C]deoxyglucose by liquid scintillation counting (model LS-255; Beckman Instruments, Fullerton, CA, U.S.A.) and for concentration of glucose with a Beckman Glucose Analyzer 2 (Beckman Instruments). At the end of the 45min p eriod, the rats were killed with intravenous pento barbital, and the brains were dissected out and frozen qui � kly in 2-met�ylbutane in dry ice. Subsequently, the brams were sectIoned (20 /-lm) in a cryostat at -22°C and autoradiographs were prepared from the sections o� Kodak SB-5 x-ray film. A series of precalibrated [14C]methylmethacrylate standards were autoradio graphed along with the brain sections. Local concentra tions . of 14C in tissue were determined by quantitative denSitometry (Sokoloff et aI., 1977) in at least four dif ferent s . e�tio .
ns for each structure. The local rates of glu cose utIlizatIon were computed from the local 14C-tissue concentrations and the time courses of 2-[14C]deoxyglu cose and glucose concentrations in the arterial plasma by means of the operational equation of the method (Soko loff et aI., 1977) .
Administration of indomethacin or dexamethasone
Fifteen minutes prior to the administration of the leu kocytic pyrogen or the phosphate-buffered saline either saline, indomethacin (sodium salt) (10 mg/kg), 0; dexa methasone 21-phosphate (disodium salt) (0.5 mg/kg) was administered intravenously. Body temperature was then recorded every 15 min until the end of the experimental period.
Statistical analysis
Mean values of glucose utilization in animals given phosphat � -buffered saline, leukocytic pyrogen, and/or in domethacm or dexamethasone were compared with each other group by the Bonferroni modification of the t statis tical tests for mUltiple comparisons (Bailey, 1977) .
RESULTS
Physiological and behavioral state
The physiological variables (e.g., arterial blood pressure, pH, Po2, Pco2) determined in the 30 an imals just prior to the administration of phosphate buffered saline or drugs were within the range pre viously reported for this laboratory (Sokoloff et al., 1977) .
Behaviorally, the animals were quiet and tended to sleep most of the time that they were in the Iso lette. That the rats were relatively calm is reflected in the concentrations of glucose in the arterial plasma (Table l) . In each of the groups of animals, the concentrations of glucose increased slightly but statistically significantly during the course of the procedure for the measurement of local cerebral glucose utilization, except for the animals premedi cated with indomethacin. Data are presented as means ± SEM (for five animals). PBS, phosphate-buffered saline; EP, endogenous pyrogen (inter leukin-l); IND, indomethacin; DEX, dexamethasone.
a p < 0.05 from the initial value.
Effects on body temperature
The time course of the changes in body tempera ture exhibited in the six groups of animals is repre sented in Fig. 1 . In the left panel of the figure can be seen the temperatures of animals given phos phate-buffered saline (controls) or leukocytic py rogen. The control animals did not maintain their body temperatures during the hour following the administration of the saline. Subsequently, during the deoxyglucose procedure the body temperature rose somewhat. In contrast, the animals given the leukocytic pyrogen had an increase in body temper ature that appeared within 15 min and rose to 1 DC within 45 min. The body temperature continued to be elevated throughout the deoxyglucose proce dure.
The central panel of Fig. 1 summarizes the re sults obtained in animals premedicated with indo methacin. There was little change in body tempera ture in either group of animals, i.e., the control saline-treated animals or those treated with leuko cytic pyrogen, indicating essentially complete blockade of the response to the leukocytic pyrogen. This is in contrast to those animals premedicated with dexamethasone (right panel of Fig. 1 ); in these animals the changes in body temperature in the group given phosphate-buffered saline and in the group given leukocytic pyrogen were quite similar to the changes in the comparable groups of animals not pretreated with any drugs, at least up to the time of administration of the [14C]deoxyglucose. Following the administration of the deoxyglucose, the animals premedicated with dexamethasone all exhibited a fall in body temperature, whereas the animals given saline exhibited a rise in temperature during the same period, suggesting a delayed onset of action of dexamethasone.
Local cerebral glucose utilization
The effects of leukocytic pyrogen on local cere bral glucose utilization with and without premedi cation with indomethacin or dexamethasone are shown in Ta ble 2. The most remarkable thing is that only the dorsal tegmental nucleus had a significant elevation in utilization in animals given the leuko cytic pyrogen despite experiencing a sustained ele vation in temperature. This would suggest that neu ronal activity associated with the maintenance of the elevated temperature does not involve a large proportion of the neurons in most regions or that the intensity of activity associated with fever is not sufficient to be reflected in the overall rate of glu cose utilization as measured by this procedure. Similarly, only two regions each had significant in creases in the rates of glucose utilization in the an imals premedicated with indomethacin or dexa methasone. In the animals premedicated with indo methacin and then given the leukocytic pyrogen, the effect on glucose utilization in the auditory cortex was abolished, but the utilization in both the cochlear nucleus and the dorsal tegmental nucleus was increased significantly. In the animals premedi- cated with dexamethasone and given the leukocytic pyrogen only, the superior olive exhibited a signifi cant decrease in the rate of glucose utilization.
DISCUSSION
The physiological status in the control state of the animals in this study was very similar to that of the previous report (McCulloch et aI., 1982b) ex cept that the temperature was OSC higher. This is probably due to the fact that in the present study the animals were freely moving and in an ambient temperature of 25.5°C, whereas in the earlier study the animals were restrained in a loose-fitting cast and room temperature was �22.5°C. This situation also probably accounted for the lower concentra tion of glucose in the arterial plasma in the present study when the animals were often asleep and thus not experiencing much stress. The withdrawal of blood during the deoxyglucose procedure also caused a small but significant hyperglycemia again, compatible with acute stress-except in those animals premedicated with indomethacin. This would suggest that the drug aided the animals in combating the stress associated with the serial sampling of blood.
In agreement with earlier studies (Dinarello, 1984a-c; Gery and Lepe-Zuniga, 1984; Kamp schmidt, 1984) , administration of leukocytic py rogen resulted in a rapid rise of body temperature in the present study. In 15 min the temperature had already risen by 0.3°C. This confirms earlier findings (Sobrado et aI., 1983 ) that characterize a latent period following the administration of an ex ogenous pyrogen that causes the formation of the endogenous peptide that in turn activates phospho lipase in the preoptic-anterior hypothalamic area of the brain. As the temperature continued to rise during the earlier part of the period following the administration of the deoxyglucose in the present study, this ensured that the processes involved in the hyperthermic response were ongoing during the period of maximal concentration of the radioactive compound in the plasma and would have reflected any regional changes in rate of glucose utilization that were associated with the fever.
The fact that none of the areas of the brain pre viously reported to exhibit an increased rate of glu cose utilization during ambient temperature-in duced hyperthermia (McCulloch et aI., 1982b) had an increased rate in the present series of experi ments could be due to several factors. First, the an imals in the present series of experiments were somewhat smaller and therefore younger; they were supplied from a different firm; and they were freely moving rather than restrained in a cast. Their behavior was very relaxed, and they slept a great deal. Second, the intensity of the change in temper ature caused by the leukocytic pyrogen was less than that caused by exposure to an elevated am bient temperature. Third, the primary site of initia tion of the fever in the present study was in the preoptic-anterior hypothalamic area of the brain with the leukocytic pyrogen (Dinarello, 1984a,b; Gery and Lepe-Zuniga, 1984; Kampschmidt, 1984) , whereas peripheral temperature sensors were in volved in the earlier study. Changes in central tem perature induced by a thermode or exposure to am bient changes in temperature have been reported to have selective effects on glucose metabolism (Mor imoto and Murakami, 1985) . Some metabolic changes were found to occur only with peripheral warming or cooling. Thus, many factors could have contributed to the differences found in the two studies.
Indomethacin has been studied previously with regard to its effects on local cerebral glucose utili zation and on cerebral blood flow (Pickard and Mackenzie, 1973; Sakabe and Siesjo, 1979; Dahl gren et aI., 1981; Pickard, 1981; Hoffman et aI., 1982; McCulloch et aI., 1982a; Pappius and Wolfe, 1983) . Indomethacin was found to cause little change in glucose utilization and a rather profound decrease (up to 45%) in local cerebral blood flow. This dissociation of metabolism and local blood flow has been thought to reflect a tonic production of prostaglandins by cerebral vessels to cause a sustained vasodilation. Blockade by indomethacin results in a decreased formation of prostacyclin with a consequent decrease in regional blood flow. The results from the present study would tend to agree with these reports in that there were essen tially no changes in the rate of local cerebral utili zation with indomethacin despite complete blockade of the fever caused by administration of the leukocytic pyrogen.
Antiinflammatory glucocorticoids such as dexa methasone cause the formation of a "second mes senger" polypeptide that inhibits the activation of phospholipase A2 (Lewis, 1984) . This action occurs in the central nervous system (Willies and Woolf, 1980) . Because the activation of phospholipase A2 is responsible for the formation of arachidonic acid en route to the generation of the prostaglandins, thromboxanes, and leukotrienes (Pickard, 1981) , their effect is stronger than that of the nonsteroidal compounds that block cyclooxygenase and de crease only the formation of the prostaglandins, prostacyclin, and the thromboxanes. However, in the present study dexamethasone did not prevent the fever caused by the administration of the leuko cytic pyrogen or profoundly alter cerebral glucose utilization. This lack of effects might have been due to either an inadequate dose or an insufficient in terval between the administration of the two sub stances. Pappius and Wolfe (1983) gave a smaller dose, viz., 0.25 mg/kg, but daily for 3 days fol lowing cerebral trauma. This was effective in pre venting a depression of cerebral glucose utilization even though there was no change in the concentra tion of prostaglandins in the area. It was concluded that the beneficial effect did not involve the prosta glandin cascade. Similarly, Willies and Woolf (1980) pretreated rabbits for 3 days and were able to dem onstrate an antipyretic effect with glucocorticoids following administration of leukocytic pyrogen into the preoptic-anterior hypothalamic region. In the present experiments the temperature began to de crease only late in the second hour after the dexa methasone was given. This would suggest that a longer interval of premedication in the present ex periments would possibly have resulted in an ob servable effect both on temperature and on local cerebral glucose metabolism.
In the present study, a physiological stimulus, viz., leukocytic pyrogen, that results in an increase in body temperature was not associated with signif icant changes in regional cerebral glucose utiliza tion, whereas external stimuli that cause changes in temperature, viz., ambient temperature or ther modes in the brain, have been associated with alter ations in regional cerebral glucose utilization (McCulloch et aI., 1982b; Morimoto and Murakami, 1985) . The lack of changes in regional cerebral glu cose utilization is likely due to the weaker intensity of the response being caused, i.e., hyperthermia, as well as the sites of initiation of the reflex involved in the control of the temperature.
